Chromosome segregation errors in human oocytes lead to aneuploid embryos that cause infertility and birth defects. Here we provide an overview of the chromosome-segregation process in the mammalian oocyte, highlighting mechanistic differences between oocytes and somatic cells that render oocytes so prone to segregation error. These differences include the extremely large size of the oocyte cytoplasm, the unique geometry of meiosis-I chromosomes, idiosyncratic function of the spindle assembly checkpoint, and dramatically altered oocyte cell-cycle control and spindle assembly, as compared to typical somatic cells. We summarise recent work suggesting that aging leads to a further deterioration in fidelity of chromosome segregation by impacting multiple components of the chromosome-segregation machinery. In addition, we compare and contrast recent results from mouse and human oocytes, which exhibit overlapping defects to differing extents. We conclude that the striking propensity of the oocyte to mis-segregate chromosomes reflects the unique challenges faced by the spindle in a highly unusual cellular environment.
Introduction
A central goal of cell division is to correctly partition chromosomes into two newly forming cells, a process termed chromosome segregation. Errors of segregation lead to the inheritance of incorrect numbers of chromosomes, termed aneuploidy. Although the majority of cells in healthy tissues are euploid (correct chromosome content), aneuploidy in mammals is particularly common in two situations. The first is cancer; a large proportion of solid tumours contain aneuploid cells, and chromosome imbalances are proposed to contribute to tumour progression [1] . The second is early development; depending upon the study and analysis method used, some 30-70% of human eggs examined in fertility clinics are found to be aneuploid, and the likelihood of a woman's eggs and embryos being aneuploid increases with age [2] [3] [4] [5] . Since the vast majority of aneuploid eggs are non-viable, egg aneuploidy is the major cause of the decrease in female fertility that occurs in the 30s and 40s, as well as being a cause of birth defects. Understanding chromosome segregation in the mammalian oocyte, and why it so often goes awry, is thus a fundamental cell biology puzzle with direct relevance to human health.
At puberty, the ovary contains hundreds of thousands of tiny oocytes egg precursors existing in follicles containing a single oocyte and a surrounding layer of somatic granulosa cells (see Box 1 for glossary). Although the notion that new oocytes could be added post-birth has been proposed lately, the prevailing view is that the pool is established at birth and finite [6] [7] [8] . Figure 1 outlines the final stages of oogenesis in mammals. Follicles are periodically 'recruited', triggering a physical enlargement of the oocyte and a proliferation of the granulosa cells ( Figure 1 ). Throughout this growth phase, which takes two to three weeks in mice and two to four months in humans, the oocyte stays arrested at prophase of meiosis-I, with a large nucleus termed the germinal vesicle. In vivo, a surge in luteinising hormone triggers ovulation of the oocyte into the fallopian tube and simultaneously triggers the resumption of meiosis [9, 10] . Over the course of the following 7-11 hours in mice, or 20-30 hours in humans, the germinal vesicle undergoes nuclear envelope breakdown (a process usually referred to in oocytes as germinal vesicle breakdown) and a meiosis-I spindle is formed and migrates from the oocyte center to its periphery prior to the first meiotic chromosome segregation. The cortical positioning of the spindle at the time of chromosome segregation gives rise to a large cell, the egg, and a tiny cell termed the polar body, each of which receive half of the chromosome complement [11] . Almost immediately the oocyte re-enters M-phase, the meiosis-II spindle is formed, and the cell cycle once again arrests, this time at metaphase-II [12, 13] . This sequence of events can be recapitulated in the laboratory by releasing fully grown oocytes from the ovary into culture media, allowing easy experimental access to this developmental process. Fertilisation triggers the resumption of meiosis-II, prompting the second meiotic chromosome segregation, formation of the second polar body, entry into interphase and, ultimately, commencement of embryonic development.
At the heart of chromosome segregation is the spindle-a dynamic, transient organelle constructed of microtubules, and tasked with the sorting and dispatching of chromosomes at the time of cell division. In somatic cells, spindle assembly is directed by two centrosomes-each comprising a centriole pair and a surrounding pericentriolar matrix that serve as the dominant microtubule organising centres (MTOCs) [14] . Stochastic interactions between microtubules, emanating from the centrosomes, with kinetochores assembled on centromeric DNA result in a characteristic 'fusiform' shape, with the two centrosomes serving as focussed poles of the spindle. Spindle assembly in somatic cells is the subject of many excellent reviews [15] [16] [17] . Central to the error-prone nature of oocyte meiosis, however, is that the oocyte is a highly unusual cellular environment in which to assemble a spindle and segregate chromosomes. Firstly, for example, mammalian oocytes lack centrioles and therefore adopt alternative, centriole-free strategies to assemble the spindle [18] . As will be discussed below, these strategies for acentrosomal spindle assembly may even differ between mammalian species. Secondly, whereas mitosis separates sister chromatids, meiosis-I separates homologous chromosomes, such that coherent sister pairs are pulled towards the same spindle pole. Sisters are then separated in meiosis-II to leave a haploid set of chromosomes as the female genetic contribution to the developing embryo. This highly specialised chromosome choreography introduces complex challenges in terms of coordinating cleavage of the cohesin complex that maintains chromatid cohesion prior to anaphase, and sets the scene for segregation error, especially in oocytes from older females [3, [19] [20] [21] . Thirdly, mammalian oocytes are extremely large cells, ranging from 60 to 190 mm in diameter [22] ; mouse and human oocytes are 60-70 and 100-120 mm in diameter, respectively. Such a large cell size sets the scene for the highly asymmetric cell divisions at meiosis-I and meiosis-II. This asymmetry is necessary for producing only one fertilisable egg [23] , but simultaneously introduces challenges in terms of spindle assembly and signalling. Overarching all of this, the oocyte cell cycle is subject to different controls and regulation compared to those of a dividing somatic cell [24] . Therefore, understanding the aetiology of chromosome segregation errors in this highly specialised pair of cell divisions cannot rely solely upon information from mitotic cells and other traditional model systems, but demands direct interrogation in the mammalian oocyte.
The past 10 years have seen a major leap forwards in our understanding of chromosome segregation in the mammalian oocyte, owing at least in part to a variety of technological developments. For example, the application of live fluorescenceimaging approaches in oocytes has become commonplace, especially in the mouse. Oocytes from naturally aged mice are increasingly being used as a model of human oocyte aging. There have been significant developments in oocyte-specific gene targeting and RNAi approaches and novel genotyping techniques. Moreover, some of these techniques have recently been applied to human oocytes. Here we recap some key questions regarding the mechanism of chromosome segregation in oocytes, and how and why it goes awry. For at least some of these questions partial answers have recently been gained. We highlight studies that underscore the idiosyncratic nature of chromosome segregation mechanisms in this unusual cellular setting.
Establishing Bipolar Spindle Structure in the Absence of Centrosomes Spindle Assembly in Meiosis-I Although centrioles normally guide spindle formation, even mitotic cells possess alternative centriole-independent means of assembling a spindle, a point beautifully illustrated by studies in which centrioles are experimentally removed from mitotic cells [25, 26] . Oocytes of many species degrade their centrioles during oogenesis, most likely to avoid the early embryo having too many after the sperm contributes its own, potentially causing dangerous multipolar spindles [27] . This leaves oocytes of many species, including vertebrates, with the need to adopt an acentriolar spindle-assembly pathway [18] . Acentriolar spindle assembly has been extensively studied using the Xenopus extract homogenate system, in which microtubules are nucleated at the chromosomes under the influence of Ran-GTP, triggering an 'inside out' mechanism of spindle establishment [18, 28, 29] as opposed to the centrosome-driven 'outside in' Anaphase -stage of the cell cycle during which chromosomes are segregated Bivalent -a pair of homologous chromosomes in meiosis-I Centrosome -organelle comprised of a pair of centrioles and surrounding pericentriolar material, responsible for microtubule nucleation Centrioles -cylindrically shaped microtubule-based organelles involved in the organisation of the centrosome Cohesin -multiprotein complex that holds sister chromatids and homologous chromosomes together Centromere -chromosomal DNA upon which kinetochores are assembled Germinal vesicle -the large nucleus of the oocyte at prophase of meiosis-I Germinal vesicle breakdown -breakdown of the germinal vesicle marks the onset of meiosis-I resumption Homologous chromosomes -chromosomes of different parental origin that pair together at meiosis-I Kinetochore -protein structure assembled on the centromere that mediates attachment between the chromosomes and the microtubules Kinetochore-microtubule -microtubule bundle that attaches to a kinetochore Microtubule organising centres (MTOCs) -major sites of microtubule nucleation Meiosis-I -the first meiotic division during which homologous chromosomes are segregated between the oocyte and polar body Metaphase -phase of the cell cycle at which chromosomes align on the spindle prior to segregation Metaphase-II -the stage of meiosis at which the oocyte awaits fertilisation. This stage of development is often referred to as the egg Oocyte -term used to refer to the female gamete at almost any stage of development. Only the metaphase-II stage that awaits fertilisation should be referred to as an egg. Polar bodies -small cells that form as a result of the highly asymmetric cell divisions of female meiosis. Polar bodies receive half of the chromosomes, but are too small to be fertilized and develop. Polar body formation is the means by which DNA content in the oocyte is reduced prior to fertilization. Spindle -a cytoskeletal structure composed of microtubules, responsible for segregation of chromosomes Univalent -a pair of sister chromatids in meiosis-I that had been created by premature separation of homologous chromosomes approach in somatic cells. In mouse oocytes, preparation of the microtubule network for assembling the meiosis-I spindle begins during oocyte growth. Microtubules gradually organise during oocyte growth such that fully grown germinal-vesicle-stage oocytes possess a small number of large acentriolar MTOCs adjacent to the nucleus [30] [31] [32] [33] [34] [35] (Figure 2 ). Around the time of germinal vesicle breakdown these large MTOCs fragment to generate over a dozen smaller MTOCs [30, 31] . The precise make-up of the acentriolar MTOCs and how they nucleate microtubules is unknown and worthy of further study. The fragmented MTOCs generate a dense ball of microtubules onto the surface of which the newly individualised chromosomes are arranged, with kinetochores oriented inwards [36] . The chromosomes organise to mark out an equator of the microtubule ball, forming a structure termed the prometaphase belt one to two hours after germinal vesicle breakdown. Next they then invade the spindle structure to form a metaphase plate some two to four hours after germinal vesicle breakdown, and how this phase of chromosome movement is achieved is unknown [36] . The ball-shaped spindle then elongates approximately three to four hours after germinal vesicle breakdown due to the activity of the antiparallel microtubule sliding motor kinesin-5. Concomitantly, MTOCs are sorted towards the two spindle poles, a process dependent upon the spindle-associated protein HURP [37] . The presence of multiple acentriolar MTOCs at each pole, as opposed to a single centrosome, causes the meiosis-I spindle to adopt a barrel shape with poles far less focused than in typical somatic cells. The oocyte remains at metaphase for several hours, allowing for spindle migration to the cortex to occur before anaphase onset [11, 38] . Why mammalian oocyte meiosis-I has adopted this unusual spindle-assembly choreography over such a protracted period of time is far from clear, though a clue comes from recent manipulations of the stoichiometry of the spindlepole protein HSET in mouse. HSET overexpression caused the microtubule ball phase to be bypassed and spindle bipolarisation to be achieved more rapidly. This resulted in severe chromosome misalignment, alluding to the possibility that the unique microtubule ball phase plays an essential but yet-to-be understood role [39] .
An important recent step forward is that several labs have begun to attempt similar types of experiments in human oocytes from fertility clinics. Oocytes available for study are often those that failed to respond to ovulation-inducing hormonal stimulation and thus remain at the germinal-vesicle stage at the time of oocyte collection. Though the caveats of using such material are discussed elsewhere [5, 40, 41] , these oocytes can complete meiosis-I in vitro with high efficiency, and are the best available source for attempting such experiments. Whereas recent studies have uncovered many similarities with the meiotic mechanism in mouse, intriguingly, immunofluorescence of fixed human oocytes has so far failed to detect MTOCs, and reported a high dependence upon RanGTP, which mediates 'inside-out' spindle assembly in Xenopus extracts [42] . This alludes to a more dominant role for chromosome-mediated microtubule assembly than in mouse, where MTOCs predominate and Ran inhibition has only a minor effect in meiosis-I [43] . Thus, whereas many aspects of meiosis-I dynamics are shared in mammals, key aspects may differ in important ways, some of which are discussed further below. Making the Correct Microtubule Attachments in Meiosis-I A major goal of spindle assembly is to bi-orient chromosomes. In mitosis and in meiosis-II this entails attaching sister kinetochores to microtubules emanating from opposite spindle poles. In Oocytes become arrested at prophase of meiosis-I before birth (primordial follicle). Periodically, follicles are recruited to grow, entailing the physical expansion of the oocyte (shown in grey), and the proliferation of the granulosa cells (purple). As the follicle grows, granulosa cells become cuboidal and the primordial follicle transforms into the primary follicle. The presence of multiple layers of granulosa cells and a layer of theca cells (shown in blue) mark the formation of the secondary follicle, and the subsequent formation of a fluid-filled cavity marks the antral follicle formation. At the time of the luteinizing hormone surge, the prophase-I arrested oocyte undergoes germinal vesicle (GV) breakdown (GVBD) and an acentrosomal spindle forms. Subsequently, the spindle migrates from the centre of the oocyte towards the oocyte cortex closer to the plasmalemma. Anaphase-I takes place with the spindle located in the oocyte cortex, causing a highly asymmetric cell division that results in the formation of a large oocyte and a small polar body. Shortly after the first polar body is extruded, the oocyte arrests in metaphase-II and is released from the follicle into the oviduct where it can be fertilised.
The oocyte completes meiosis-II and extrudes the second polar body only upon successful fertilisation.
meiosis-I, however, sister kinetochores remain paired, and attach to the same pole in order to segregate homologous chromosomes. Attaining this so-called amphitelic attachment status increases the probability of correct segregation in anaphase. Attachment of any given kinetochore (or in meiosis-I any given sister kinetochore pair) to two poles simultaneously, termed merotelic attachment, risks the attached chromosome experiencing anaphase pulling forces from both poles, thereby increasing the chances of characteristic anaphase lagging chromosomes and segregation error [44] . Importantly, lagging chromosomes are frequently seen in mouse and human oocytes [19, 42, 45, 46] , suggesting that merotelic attachments occur and, in some cases, persist into anaphase. Thus, understanding the mechanisms by which kinetochore-bound spindle microtubules (termed 'kinetochore-microtubules') are established and whether misattachments can be corrected is important in understanding how segregation errors occur. Early electron microscopy studies suggested that kinetochore-microtubule establishment occurred only moments before anaphase in mouse meiosis-I [47] . However, more recent application of tractable immunofluorescence-based approaches has revealed that stable kinetochore-microtubules are apparent earlier in meiosis [36, 48, 49] . Interestingly, in mouse oocytes, stable kinetochore-microtubules accumulate over the course of meiosis-I, under the control of the gradually increasing activity of Cdk1-Cyclin-B, the major M-phase kinase [48] . This contrasts sharply with mitotic cells, in which Cdk1-Cyclin-B activity rises abruptly at mitotic entry [50] . Whereas in mitotic cells establishment of bi-oriented sister kinetochores is thought to stabilise the attached kinetochore-microtubules, slowly increasing kinetochore-microtubule stability in oocytes means that, in some cases, even aligned, bioriented and fully stretched chromosomes lack stable kinetochore-microtubules until late in meiosis-I [51]. It is easy to envisage that the geometry of meiosis-I, with a prolonged 'apolar' microtubule-ball stage state followed by formation of a broad-poled spindle, might present challenges to establishing correct connections [52] , and so delaying kinetochore-microtubule establishment likely provides a route to minimising errors. Indeed, the importance of slow kinetochore-microtubule establishment is shown in experiments where kinetochore-microtubule formation is experimentally expedited, resulting in erroneous attachments and segregation defects [48] .
Do merotelic attachments form as part of a normal meiosis-I spindle assembly, and if so can they be corrected? Merotelic attachments have been directly visualised in mouse and human oocytes [36, 48, 49 ,53], albeit they are often difficult to distinguish from lateral (side-on) attachment to a passing microtubule bundle, and the number of bona-fide merotelics may in fact be low. A relatively low number of bona-fide merotelic attachments could be explained by the above-mentioned slow establishment of stable kinetochore-microtubules, and may in turn explain why elimination of MCAK, a key effector of error correction in somatic cells, has only minimal impact in the mouse oocyte [54] . Can merotelic errors be corrected in oocytes? In mitosis, the kinetochore-resident kinase Aurora-B plays a key role in promoting microtubule turnover at the kinetochore, thereby allowing for establishment of new attachments, a process dubbed 'error correction' [55] . Mammalian oocytes possess an additional Aurora-B homolog with at least partially overlapping functions, termed Aurora-C, though why two homologues are required has yet to be clarified [56, 57] . Chemical inhibitors of Aurora-B/C or genetic disruption of Aurora-C in oocytes causes an accumulation of microtubule attachment errors, implying error correction normally plays a role in meiosis-I [36, 56] . Interestingly, however, the presence of Aurora-B/C at meiotic kinetochores may not be beneficial at all times in meiosis-I. Whereas in mitotic cells eventual correct attachment pulls the kinetochore away from Aurora's influence [55] , in meiosis-I oocytes this model does not appear to apply. Rather, whilst Aurora-B/C may get recruited preferentially to chromosomes that are not under tension, presumably to aid error correction [58] , it is nonetheless abundantly present at most kinetochores long after chromosomes are bioriented and stretched [51] . Although this has the beneficial effect of preventing the premature establishment of erroneous microtubules in early meiosis-I, persistent kinetochore Aurora-B/C could maintain high kinetochore-microtubule turnover later in meiosis, even when bivalents are bioriented, The figure shows the series of events by which the meiosis-I spindle is formed in mouse oocytes. At around the time of germinal vesicle breakdown, MTOCs (black dots) stretch along the nuclear envelope and fragment. Within the first 20 minutes after germinal vesicle breakdown, chromosomes (blue) individualise and the microtubules (green) become nucleated in their vicinity. MTOCs transit to the spindle assembly site and chromosomes occupy the surface position on the newly formed microtubule ball. Subsequently, the chromosomes move along the surface of the microtubule ball and congress at its equator to form a ring-like structure around the microtubule ball termed the prometaphase belt. Chromosomes then invade the centre of the prometaphase belt and become bioriented to form the metaphase plate. Meanwhile, the MTOCs gradually become distributed towards the two opposing poles of the microtubule ball and the spindle elongates. Finally, once all of the bivalents achieve a stable biorientation at the metaphase plate anaphase takes place and homologous chromosomes are separated.
which could paradoxically promote mis-attachments and contribute to segregation error [51] . There is also strong evidence for active correction of erroneous attachments at the spindle pole. Several studies have noted instances of chromosomes wandering from the metaphase plate toward the pole and back [59, 60] . Careful analyses of the microtubule attachment status of kinetochores in relation to spindle position during this process revealed a tendency for kinetochores in close proximity to the pole to lack stable microtubule attachments, a phenomenon that could be prevented by inhibition of pole-resident Aurora-A, indicating a mechanism of error correction for unaligned or polar chromosomes [59, 61] . Overall, further clarification of how correct kinetochore-microtubule attachment and chromosome alignment are achieved in oocytes, and how errors are corrected, will require more direct analyses of how individual chromosome and kinetochore behaviour relates to their attachment status at any given time in live oocytes, and will likely require novel methods.
Having established kinetochore-microtubules in meiosis-I, it is generally assumed that chromosome segregation in anaphase-I must occur in a canonical manner via shortening of kinetochoremicrotubules. This appears likely given the poleward orientation of kinetochores during anaphase [36] , and since anaphase-II in mouse is a result of canonical kinetochore-microtubule shortening [62] . Nonetheless, it is worth noting that in C. elegans, the species in which anaphase of meiosis-I has been best studied, anaphase happens in the absence of canonical kinetochoremicrotubules [63, 64] . Direct demonstration of the anaphase mechanism in mammalian meiosis-I thus remains important. Spindle Function in Oocyte Meiosis-II In mitotic cells, destruction of Cyclin-B in anaphase and telophase triggers nuclear envelope formation around decondensing chromosomes and entry into interphase. In contrast, meiosis-I is followed by a rapid re-establishment of Cdk1-Cyclin-B activity, as a result of Cytostatic Factor activity [12, 13] . The transition from meiosis-I to meiosis-II, termed interkinesis, lasts around an hour in mouse, and is marked by the emergence of the meiosis-II spindle on which pairs of sister chromatids align. Like meiosis-I, the metaphase-II spindle is barrel shaped, having broad spindle poles in the absence of canonical centrosomes [27, 65] . Assembly of the second meiotic spindle is rapid [43] , presumably as a result of the abrupt increase in Cdk1-Cyclin-B activity. In contrast to meiosis-I, strikingly little is known about microtubule dynamics during metaphase-II spindle assembly, but studies to date suggest that metaphase-II spindle assembly and function are highly unusual. As a clear demonstration of this, at least two spindle-associated proteins have been identified, the MAPK binding partners Miss and Doc1R, which are apparently essential for spindle architecture specifically in meiosis-II [66, 67] . In addition, metaphase-II is unique in maintaining high levels of Cyclin-A2, a cyclin-dependent kinase regulator that in mitotic cells is destroyed upon M-phase entry. Studies of conditional Cyclin-A2-deleted oocytes revealed altered microtubule dynamics in metaphase-II eggs, associated with microtubule mis-attachments and chromosome segregation errors at anaphase-II [68] . The metaphase-II spindle is also distinct from meiosis-I in its requirement for Ran-GTP. Whereas chromosome segregation is relatively normal in meiosis-I in Ran-inhibited oocytes, metaphase-II spindles are defective and highly prone to segregation errors [43] . Finally, one recent study suggests that actin cables, which can be observed overlaying spindle microtubules in mouse oocytes, may contribute to microtubule dynamics in oocytes, with the effects of actin depolymerisation upon chromosome alignment being most evident in meiosis-II [69] . Given that meiosis-II is a source of chromosome segregation errors associated with age (discussed further below), further investigations of metaphase-II spindle assembly will be important, and high temporal resolution kinetochore tracking of metaphase-II spindle assembly, such as has been presented in meiosis-I and mitosis [36, 70, 71] , will be essential.
Following metaphase-II spindle assembly, the oocyte remains arrested at metaphase until fertilisation, an arrest that can span several hours. During this period the spindle microtubules are nonetheless highly dynamic [72, 73] , perpetually moving poleward and depolymerising at the poles in a motion dubbed poleward flux, which in oocytes is driven by kinesin-5 [72] . Fertilisation triggers a series of repetitive increases in intracellular free Ca 2+ concentration (Ca 2+ 'transients') [74] that drive destruction of Cyclin-B and Cytostatic Factor components and thereby trigger anaphase-II and the completion of meiosis [75] . In contrast to anaphase-I, the mechanism of anaphase-II has been described in detail in mouse. Anaphase-II comprises a canonical shortening of kinetochore-microtubules to segregate the chromosomes, as a result of simultaneous microtubule depolymerisation at poles and kinetochores [62] , similar to what occurs in mammalian somatic cells [76] . The identities of the microtubule depolymerising activities at the poles and kinetochores that drive microtubule shortening are unclear, though members of the kinesin-13 family of microtubule depolymerases [77] have been implicated in these activities in other systems. Lagging chromosomes are detected in a relatively high proportion of untreated (wild-type) oocytes, suggesting that biorientation of sister chromatid pairs during metaphase-II spindle assembly may be inherently error-prone [68, 78] . Anaphase-II also comprises a spindle elongation which, similar to anaphase-I, is relatively minor [62], presumably to enable the formation of a small second polar body and retain the majority of the cytoplasm in the egg.
Idiosyncratic Spindle Assembly Checkpoint in Oocyte Meiosis-I
In most mammalian cells, chromosome segregation error is limited by a molecular quality-control network called the spindle assembly checkpoint (SAC) [79, 80] . Incorrect microtubule attachment and/or lack of kinetochore tension causes the accumulation of SAC proteins (including Mps1, Mad1, Mad2, Bub1, Bub3 and BubR1) on the kinetochore. This accumulation, in turn, generates a diffusible signal termed the Mitotic Checkpoint Complex (comprised of Mad2/BubR1/Bub3/ Cdc20), which inhibits the Anaphase-Promoting-Complex/Cyclosome, thereby preventing anaphase until all kinetochores are correctly attached. Classically, SAC activation causes mitotic cells to arrest in M-phase, postponing anaphase until the very last chromosome is aligned [79, 80] . Given the prevalence of segregation errors in oocytes, the notion that the pathway might be absent in oocyte meiosis-I had long been attractive [81] . However, pivotal studies found that depletion of SAC components shortens meiosis-I and increases segregation error [82, 83] , consistent with the notion that SAC signalling normally exerts an influence over meiosis-I in oocytes. Subsequently, several groups showed that although SAC can halt the cell cycle in response to severe spindle poisoning, it is unable to respond to a small or even moderate number of misaligned and therefore presumably mis-attached chromosomes [60, [84] [85] [86] . Thus, although SAC signalling is in operation and serves to limit segregation error by extending meiosis, thus allowing more time for correct attachments to be achieved, it is not the exquisitely sensitive aneuploidy-preventing checkpoint exhibited in mitosis. Similarly in human oocytes, though there is some evidence of SAC presence, mechanistic experiments are few, and anaphase in the presence of misaligned chromosomes is common [45, 53, 87] . Although the full explanation for this apparent paradox remains mysterious, two very recent lines of investigation provided intriguing clues. First, recent studies in mouse have revisited a longstanding notion developed in oocytes and early embryos from lower species that cell size may be a detriment to the function of the SAC. Xenopus oocytes for example, which are 1 mm in diameter, possess SAC molecular machinery but do not possess a functional SAC [88] . In C. elegans SAC function strengthens as cells become smaller during the reductive divisions of early development, and appears to be a function of the ratio of kinetochore number to cytoplasmic volume [89] . A possible explanation for these observations is that the checkpoint signal emanating from a small number of unattached kinetochores could become too diluted in a very large cell, and thus fail to inhibit the Anaphase-Promoting-Complex/Cyclosome located throughout the cytoplasm. Two recent studies addressed this notion in mouse oocytes using cytoplasm-removal approaches to produce mini-oocytes with a full complement of DNA and kinetochores, but reduced cell volume. Crucially, the outcome depended upon the stage of oogenesis at which bisection was performed ( Figure 3 ). If oocytes were bisected just after germinal vesicle breakdown, the impact of cytoplasm reduction upon SAC was relatively minor, and misaligned chromosomes still failed to prevent anaphase even in very small mini-oocytes (13% original size) [90] . However, if the bisection occurred prior to germinal vesicle breakdown, then misaligned chromosomes more clearly arrested the cell cycle, even if oocyte volume was reduced only by half [91] . The difference likely pertains to the observation that some SAC components assemble at the nucleus in interphase [92] , such that bisection prior to germinal vesicle breakdown effectively concentrates SAC components, whereas bisection after germinal vesicle breakdown reduces cell volume without influencing SAC component concentrations [90, 91] . Whether the effect of size will be more apparent in the human oocyte, which is approximately three to four times greater in volume than mouse, and whether the same principle causes the SAC to strengthen during early embryonic development, when cell divisions are also error prone and cells progressively decrease in size and nuclear-cytoplasmic ratio increases [93, 94] , will be interesting to determine.
Secondly, recent examinations of the impact of experimentally induced DNA damage in oocytes shed unexpected light on SAC function. In contrast to somatic cells, which typically possess a robust checkpoint limiting the cell cycle progression of cells harbouring significant DNA damage in G2 [95] , it was found that oocytes subject to high levels of experimentally induced damage nonetheless progress through germinal vesicle breakdown [96] . This may be a result of the down-regulation of Tap63 (the oocyte p53 equivalent) that occurs during folliculogenesis [97] . Subsequently two groups independently found that DNA damage induced by various means causes arrest in metaphase of meiosis-I, despite spindle formation, kinetochore-microtubule attachment and chromosome biorientation all appearing normal [98, 99] . Both studies found that this arrest involved accumulation of SAC proteins at kinetochores, and that depletion or inhibition of SAC components overcame the arrest [98, 99] . A further study using a radiomimetic chemical reported a delayed anaphase only after large amounts of DNA damage [100] . How DNA damage might activate SAC is very unclear, but it is interesting that Mad2 accumulates at kinetochores as opposed to the actual sites of DNA damage, suggesting that kinetochores can sense damage on chromosome arms, or that centromeres act as sentinels for broader chromosome damage. Thus, at least in mouse, whereas the SAC appears unusually insensitive to kinetochore-microtubule attachment status and chromosome alignment defects, it may respond to DNA damage, thereby replacing a canonical G2-M checkpoint to prevent development of DNA-damaged oocytes. Whether a similar SAC role reversal is observed in humans, where the oocyte remains arrested in primordial follicles for tens of years, will be important to determine.
Meiotic Recombination and Segregation Error
An important feature of meiosis that influences the frequency of segregation errors in oocytes is the formation of chiasmata, the points of physical contact between the homologous chromosomes that arise as a consequence of recombination during fetal development [4, 101] . Inappropriate crossover can be hazardous for chromosome segregation in meiosis. For example, a complete failure to establish chiasmata, or premature resolution, can lead to sister pairs ('univalents') in meiosis-I [5, 102] that do not prevent anaphase onset and are thus prone to mis-segregation at anaphase-I [103] [104] [105] (Figure 4 ). Conversely, a failure to successfully resolve the chiasmata between the homologous chromosomes at anaphase of meiosis-I could result in 'true' meiotic non-disjunction where an entire bivalent remains coherent during anaphase-I (Figure 4) . Moreover, an altered amount of recombination or the specific positioning of crossover sites can cause hazardous configurations with increased likelihood of mis-segregation (reviewed by [3, 4] ). Distal (in the vicinity of telomeres in humans) chiasmata can predispose bivalents to mis-segregation, which may be particularly relevant in the case of smaller chromosomes such as human chromosomes 16 and 21 [106, 107] . In contrast, proximal (near the centromere) crossover sites have been associated with increased nondisjunction of sister chromatids during meiosis-II [106, 108] . The impact of chiasmata on oocyte chromosome segregation is covered in far more detail elsewhere [3] [4] [5] , and precisely how chiasmata configurations contribute to the increased rate of errors seen with age (discussed further below) remains to be fully understood [3] , but it is clear that meiotic recombination poses a further hurdle to the oocyte, with suboptimal chiasmata forming a foundation upon which other defects can build.
R900 Current Biology 28, R895-R907, August 20, 2018 Current Biology Review Age-dependent Deterioration of Chromosome Segregation Fidelity Why chromosome segregation errors are common in the oocyte, and in particular why maternal aging increases the likelihood of errors, remains one of the outstanding questions in developmental biology, and grows in importance as the age at which women start their families continues to rise. The unique challenges of oocyte meiosis mean that the specific chromosome segregation errors that occur can take many forms. Oocyte segregation errors are usually considered to fall into two broad categories ( Figure 4A-C) . First, errors occur in which chromatids become prematurely separated ( Figure 4B ). These errors are often collectively termed Premature Separation of Sister Chromatids but this terminology can be misleading as the precocious loss of chromosome cohesion often occurs first between homologous chromosomes, not sisters. The premature loss of cohesion then sets the scene for aberrant segregation of chromatids ( Figure 4B ). Second, chromosomal non-disjunction describes the scenario in which an anaphase chromosome (that is, a coherent sister chromatid pair in meiosis-I, or a single chromatid in meiosis-II) is dispatched to the wrong daughter cell (namely, the oocyte or the polar body) ( Figure 4C ). These errors are less likely to be a direct result of cohesion loss, and are conceptually similar to gains or losses of chromatids in mitosis. Both broad types of error are detected in humans, though recent analyses suggest errors attributable to precocious separation of chromatids outweighs those arising from non-disjunction [104, 109] . Similarly, both lesion types are observed in mouse. Whereas metaphase-II eggs from young (<6 months old) mice are very rarely aneuploid, eggs from aged mice frequently and simultaneously possess lost or gained sister pairs, as well as prematurely separated sister chromatids [19, 49] , though care is A combined schematic representation of experiments designed to examine the effects of oocyte size on the strength of SAC activity. Manipulations are shown on the left side of the image, with the outcome of the manipulation on the perceived strength of the spindle assembly checkpoint indicated to the right. Note that doubling the oocyte volume by electrofusion of germinal-vesicle-stage oocytes with previously enucleated stage-matched oocytes resulted in diminished effectiveness of SAC in comparison to the normal-sized control oocyte. Also, the impact of removing cytoplasm depends crucially on when the manipulation is performed. Halving the cytoplasmic volume after germinal vesicle breakdown has no effect on anaphase-I onset, and only after the extreme reduction of the oocyte cytoplasmic volume to one eighth of its original size does cell-size reduction impact anaphase onset. In contrast, halving the cytoplasmic volume before germinal vesicle breakdown results in a delayed onset of anaphase-I. These experiments support the notion that changing cell size can affect the strength of the spindle assembly checkpoint in the mammalian oocyte, but that such an effect is most potent when performed prior to germinal vesicle breakdown, likely as a result of concentrating cell cycle proteins that accumulate in the germinal vesicle prior to its breakdown.
required when comparing studies since the age at which these lesions emerge varies substantially between mouse strains [19, 49, [110] [111] [112] . Errors can occur both in meiosis-I and meiosis-II, though as described below some errors comprise a compound series of events that span both meioses [70] . This section overviews recent progress in understanding of these lesions.
Defects in Chromosome Cohesion?
Prior to anaphase, replicated chromosomes remain attached courtesy of protein complexes termed cohesins. At anaphase, cohesins are cleaved by separase, thereby licensing chromatid separation. In meiosis-I this is rendered more complicated by the need to maintain cohesion between sister chromatids, whilst only cleaving cohesins on chromosome arms ( Figure 4A ). How this is achieved is covered in recent excellent reviews [3, 21] . That defects in chromosome cohesion may occur in human oocytes was suggested by classic observation of individual chromatids in metaphase-II eggs [113] . Importantly, whereas cohesion can be added in prophase-I in some species [114] , in mammals it is generally thought that oocyte cohesins are established around the time of birth and cannot be added to or replaced thereafter [21, 115] . Thus, the idea that gradual loss of cohesion could occur during the primordial oocyte stage, which can last over 40 years in humans, is longstanding. Recently, the Balanced predivision: Premature separation of homologues in mid meiosis-I gives rise to precocious sister pairs, sometimes termed univalents. This is followed by an equational division of the sister pairs at anaphase-I. Non-balanced predivision: Premature separation of bivalents into two sister pairs (univalents), followed by unequal separation of the sister pairs can cause gain or loss of a single chromatid at anaphase-I. Note that a similar outcome could conceivably arise without pre-division of the bivalent, by mis-attachment of microtubules at anaphase-I causing a sister chromosome pair to be separated. Reverse segregation could occur owing to spatial and functional separation of sister kinetochores that allows their attachment to the opposing spindle poles, causing 90 angle bivalent rotation. In this configuration, at the onset of anaphase-I, two sister chromatids of different parental origin segregate together towards each spindle pole, such that sisters separate in meiosis-I rather than meiosis-II. Note that the highly separated nature of sister kinetochores in human oocytes means that this defect could occur even in oocytes from younger females, but could be exacerbated further by age. (C) Examples of chromosome nondisjunction in meiosis-I. This category of errors is less directly related to chromosome cohesion loss. Non-disjunction occurs when both sister chromatid pairs are pulled towards the same spindle pole upon dissolution of arm cohesion. Such a scenario is a possible result of kinetochore mis-attachment in meiosis-I. Spindle dysfunction in meiosis-I is likely the predominant age-related cause of this type of error, as has been shown in mouse oocytes, though a partial loss of chromosomal cohesion leading to altered kinetochore geometry could also contribute, particularly in human oocytes. 'True' non-disjunction arises due to a failure to successfully resolve chiasmata between homologous chromosomes at the onset of anaphase-I, causing the bivalent to remain intact and be pulled towards one of the two spindle poles. Achiasmate non-disjunction arises due to a failure to appropriately establish chiasmata between the homologous chromosomes, which can lead in their independent segregation, potentially towards the same spindle pole, as shown in this example. Achiasmate non-disjunction and true nondisjunction can occur as a result of specific susceptible combinations of homologous recombination at the time of crossing over, which is covered in detail elsewhere [3] [4] [5] .
aging mouse model has been deployed by many groups to address this question in more detail. First it was found that the amount of chromosome-arm-bound cohesin was dramatically reduced in meiosis-I oocytes from older mice [19, 20] . This causes a loosening of bivalent structure, and a slight separation of sister kinetochores in meiosis-I and also metaphase-II [19, 20, 49, 111] . These observations are consistent with work in a genetic mouse model of aging [116] . Elegant live imaging experiments subsequently revealed a possible impact of this cohesion loss. Strikingly, in some cases bivalents prematurely dissociate in meiosis-I prior to anaphase, causing the resulting univalents (sister pairs) to be separated at the meiosis-I to meiosis-II transition [70] . The result is a so-called 'predivision', in which sister chromatids are randomly separated and segregated in anaphase-I. Depending upon whether the sister chromatids are separated equationally, segregation is said to be 'balanced' or 'unbalanced' predivision ( Figure 4B ). Separation of sisters shortly after the meiosis-I to meiosis-II transition, following an otherwise error-free anaphase-I, has also been reported [117] . Individualised sisters can fail to align in metaphase-II oocytes, and thus are presumably prone to being randomly segregated in meiosis-II at egg activation [49, 117] . Thus, rather than being attributable to meiosis-I or meiosis-II in isolation, aneuploidy genesis can be a compound series of events that span both meioses. Defective Microtubule Dynamics? Classic human immunofluorescence studies revealed that spindles often appear defective in oocytes from older women [118, 119] , but how such a spindle defect might come about, or its impact upon chromosome segregation, was unclear. At the same time, although the gradual loss of chromosome cohesion during the primordial oocyte arrest provides a compelling explanation for age-related aneuploidies associated with premature chromatid individualisation, why it should cause mis-segregation of intact sister pairs (non-disjunction) at the meiosis-I to meiosis-II transition is less clear. Non-disjunction appears to be less frequent than errors involving premature chromatid separation, but nonetheless occurs in both mouse and humans [19, 49, 104] . One possibility was that the slightly increased separation of sister kinetochores caused by cohesion loss might predispose kinetochores to microtubule mis-attachment [19, 120] . However, in mouse, sister kinetochore separation in aged oocytes is not a strong predictor of microtubule attachment status, and a widespread mis-attachment of kinetochores to microtubules alluded to a broader defect in spindle function [49] . A subsequent examination of microtubule dynamics in young and aged oocytes revealed that aged oocytes frequently progress through a multipolar phase, increasing the likelihood of microtubule attachment errors [46] , reminiscent of cancer cells with too many centrioles/centrosomes [121, 122] . Reciprocal swapping of nuclei between young and aged oocytes using micromanipulation and electrofusion, and examinations of microtubule dynamics in chromosome-free oocytes, suggest this defect is an inherent feature of microtubule dynamics in aged oocytes, rather than an indirect consequence of cohesion loss. Importantly, the microtubule-dynamics defects correlated with the mis-segregation of intact sister pairs, rather than individual sisters [46] ( Figure 4C) . Thus, at least in mouse, whereas cohesin loss is likely predominantly responsible for segregation errors involving premature chromatid separation, non-disjunction is likely due to a spindle defect, and the deterioration of the two pathways can be experimentally separated. SAC Decline? The question of whether the SAC deteriorates with age is longstanding, and has been difficult to resolve because, as discussed above, how the SAC normally functions in oocytes has been unclear. However, several lines of evidence for age-related SAC deterioration are now emerging. Firstly, in line with the emerging role of the SAC as a DNA-damage safeguard, aged oocytes were found to be less capable of mounting an arrest of meiosis-I in response to DNA damage [99] . The second builds on the observation that the Anaphase-Promoting-Complex/Cyclosome, which triggers Cyclin-B and securin destruction, is not fully active at the meiosis-I to meiosis-II transition, but is partially restrained by residual SAC activity in order to allow kinetochores more time to form correct microtubule attachments [123] . It was subsequently found that metaphase-II eggs from aged mice exhibit lower levels of securin, and that this reduction is likely explained by the loss of the SAC activity, which would normally moderate the Anaphase-Promoting-Complex/Cyclosome at the meiosis-I to meiosis-II transition. Accordingly, overexpression of securin in aged oocytes was able to partially prevent premature separation of sisters [124] . This striking observation potentially places a SAC deficiency upstream of the cohesion loss that is central to oocyte aneuploidy.
Complex Aging Phenotypes in Human Oocytes
Recent examinations of human oocytes have revealed qualitatively similar defects as those seen in aging mouse oocytes, but even more extreme. Importantly, unlike in mouse, sister kinetochores in human oocytes are easily distinguishable as distinct units, even in those from younger (<30 year-old) donors [53, 125] . Nonetheless, distance between sister kinetochores increases further with age in human oocytes both in meiosis-I and meiosis-II [87, 53, 125, 126] . Thus, following aging, oocytes possess bivalents with dramatically separated sister kinetochores. Whereas the marginally increased inter-kinetochore distance in aged oocytes in mouse has only a minor effect upon microtubule-attachment status of kinetochores [49] , the greater sister separation in aged human oocytes more clearly favours attachment to two opposite poles ('meiotic merotelic attachment') [53] . In some cases, sister kinetochore pairs become so separated that sister kinetochores can bi-orient, causing the bivalent to rotate by 90 [53]. Were segregation to occur in such an orientation, this could give rise to the 'reverse segregation' phenotype recently reported in human eggs and embryos [104] (Figure 4B ). Moreover, live imaging experiments revealed that human meiosis-I spindle formation frequently progresses through a transient multipolar phase prior to bipolarisation [42] , similar to those seen in aged mouse oocytes [46] . In some oocytes, anaphase appears to be multidirectional, alluding that the multipolar spindles sometimes fail to resolve before anaphase [42, 45] . Whether this relates to the lack of MTOCs in human oocytes mentioned above, or whether spindle dysfunction might be common in sub-par oocytes and chromosome-segregation dynamics in the very best quality human oocytes might more closely resemble that seen in mouse, remains to be seen. We speculate that whereas in mouse the independent effects of age-related cohesion loss and cytoplasmic dysregulation are discernable and experimentally separable, the complex interplay between simultaneously deteriorating systems paired with far greater inter-kinetochore distances may underpin the acutely error-prone nature of human oocytes. Aging in the Ovary and Beyond For pragmatic and practical reasons, the search for the lesions that jeopardise oocyte quality during aging has, to date, largely focussed on oocytes isolated from the ovary and cultured in vitro. However, the importance of interactions of the oocyte with neighbouring cells should not be overlooked. Ovarian oocytes exist in a state of complex communication with their surrounding granulosa cells, including rich gap-junction communication that allows granulosa cells to perform key homeostatic functions on the oocyte's behalf, and paracrine signalling to control the onset and timing of oocyte growth [127, 128] . Recent work highlights the possible involvement of the stroma in agerelated oocyte deterioration. For example, aged ovaries have been found to be highly fibrotic, and contain immune cells not observed in younger counterparts [129] , alluding to a general ovarian distress. Moreover, the assembly of the filopodia-like trans-zonal projections that underpin oocyte-granulosa cell communication is critically altered in older ovaries [130] . Thus, it can be easily envisaged that the ticking clock that downgrades the quality of the oocyte during the reproductive lifespan may not reside only in the oocyte, but may also reflect changes in the complex interplay between the oocyte and its neighbouring soma as the tissue in which they reside slowly deteriorates.
Concluding Remarks
The mammalian oocyte is a unique cellular environment presenting manifold challenges for chromosome segregation. Although much of the chromosome-segregation toolkit is similar between oocytes and somatic cells, detailed investigations in oocytes continue to uncover differences that likely contribute to their error-prone nature. As has been described, many recent breakthroughs have been underpinned by technological advances, and we envisage that continued improvements in microscopy, paired with screening [131] , gene silencing [132, 133] , sequencing [134] , genomics [104] and biophysical methods, amongst others, will provide answers to questions that hitherto remain mysterious. . Microtubule configurations during fertilization, mitosis, and early development in the mouse
